-AKT phosphorylation following peripheral nerve injury or inflammation may play a role in somatic pain processes and visceral inflammation. To examine such a role in micturition reflexes with bladder inflammation, we induced bladder inflammation in adult female Wistar rats (200 -300 g) by injecting cyclophosphamide (CYP) intraperitoneally at acute (150 mg/kg; 4 h), intermediate (150 mg/kg; 48 h), and chronic (75 mg/kg; every third day for 10 days) time points. Western blot analyses of whole urinary bladders showed significant increases (P Յ 0.01) in phosphorylated (p) AKT at all time points; however, the magnitude of AKT phosphorylation varied with duration of CYP treatment. Immunohistochemical analyses of pAKT immunoreactivity (pAKT-IR) in cryostat bladder sections demonstrated duration-dependent, significant (P Յ 0.01) increases in pAKT-IR in both the urothelium and detrusor smooth muscle of CYP-inflamed bladders. Additionally, a suburothelial population of pAKT-IR macrophages (CD68-, MAC2-, and F4/ 80-positive) was present in chronic CYP-treated bladders. The functional role of pAKT in micturition was evaluated using open, conscious cystometry with continuous instillation of saline in conjunction with administration of an inhibitor of AKT phosphorylation, deguelin (1.0 g/10 l), or vehicle (1% DMSO in saline) in control (no inflammation) and CYP (48 h)-treated rats. Bladder capacity, void volume, and intercontraction void interval increased significantly (P Յ 0.05) following intravesical instillation of deguelin in CYP (48 h)-treated rats. These results demonstrate increased AKT phosphorylation in the urinary bladder with urinary bladder inflammation and that blockade of AKT phosphorylation in the urothelium improves overall bladder function. urothelium; cystometry; inflammation; deguelin THE SERINE-THREONINE PROTEIN kinase AKT is involved in cellular survival and protection from apoptosis in a number of tissues and organ systems (6, 18, 25) . Recent studies have demonstrated additional roles for activated (phosphorylated; p) AKT in the initiation and maintenance of neuropathic pain and visceral inflammation (53, 59, 60, 71 ). Immunohistochemical techniques demonstrate AKT activation in pain transducing C-fiber primary afferents and dorsal horn neurons following peripheral neuronal injury or tissue inflammation (26, 58, 59, 60, 71) . In visceral inflammation, pAKT levels increase in the spinal cord dorsal horn following chemically induced colitis (53). Upstream regulators of pAKT include growth factors such as platelet-derived growth factor, epidermal growth factor, insulin, thrombin, nerve growth factor (NGF), and brainderived neurotrophic factor (BDNF) as well as other physiological stimuli (6, 25, 68) .
THE SERINE-THREONINE PROTEIN kinase AKT is involved in cellular survival and protection from apoptosis in a number of tissues and organ systems (6, 18, 25) . Recent studies have demonstrated additional roles for activated (phosphorylated; p) AKT in the initiation and maintenance of neuropathic pain and visceral inflammation (53, 59, 60, 71) . Immunohistochemical techniques demonstrate AKT activation in pain transducing C-fiber primary afferents and dorsal horn neurons following peripheral neuronal injury or tissue inflammation (26, 58, 59, 60, 71) . In visceral inflammation, pAKT levels increase in the spinal cord dorsal horn following chemically induced colitis (53) . Upstream regulators of pAKT include growth factors such as platelet-derived growth factor, epidermal growth factor, insulin, thrombin, nerve growth factor (NGF), and brainderived neurotrophic factor (BDNF) as well as other physiological stimuli (6, 25, 68) .
Diverse growth factors activate AKT (6, 31, 68) , and growth factors are increased in the urinary bladder with inflammation (12, 47, 48, 66, 70) . Specifically, recent studies by Chung et al. (16) demonstrated increases in pAKT levels with cyclophosphamide (CYP)-induced bladder inflammation and determined that inflammation-induced AKT phosphorylation as well as phosphorylation of ERK1/2 and JNK were dependent on the presence of NGF. A number of additional studies have demonstrated the presence of NGF and associated receptors (TrkA, p75 NTR ) as well as functional roles of NGF-receptor interactions in micturition reflex pathways with and without inflammation (15, 20, 41, 46, 54, 57, 70, 72, 75) . Recent studies have also demonstrated a functional role for BDNF-receptor interactions in mediating urinary bladder dysfunction following urinary bladder inflammation (52) . Thus the inflammatory milieu of the urinary bladder following CYP-induced cystitis may contain a number of upstream mediators of AKT; however, the contribution of activated AKT to urinary bladder reflex function has not been previously addressed. We hypothesize that pAKT contributes to urinary bladder dysfunction induced by urinary bladder inflammation.
AKT, ERK1/2, and JNK are all potential signaling pathways downstream of NGF/receptor activation in the urinary bladder in the context of urinary bladder inflammation (12, 16, 17, 22a) . CYP-induced cystitis increased ERK phosphorylation in the urinary bladder (16, 17) , and Corrow and Vizzard (17) demonstrated a functional role for pERK in micturition reflexes using an upstream inhibitor of ERK phosphorylation to significantly decrease CYP-induced bladder hyperreflexia in rats. Expression (16) as well as functional roles for JNK activation (Vizzard et al., unpublished observations) in the urinary bladder following cystitis have also been demonstrated. The current study addresses the contribution of AKT phosphorylation to micturition reflex function in a CYP model of urinary bladder inflammation.
In this study, we determined 1) AKT activation in the urinary bladder following CYP treatment of varying duration using Western blot analyses, immunohistochemistry, and semiquantitative image analyses; and 2) the functional effects of intravesical instillation of an upstream inhibitor of AKT phosphorylation (deguelin) on bladder function in control (nonin-flamed) and CYP-treated rats using open-void, continuous cystometry in conscious rats.
MATERIALS AND METHODS

Animals
Adult female Wistar rats (200 -300 g), purchased from Charles River Canada (St. Constant, PQ), were housed two per cage and maintained in standard laboratory conditions with free access to food and water. In these studies, the estrous cycle status of female rats was not monitored. The University of Vermont Institutional Animal Care and Use Committee (IACUC) approved all animal use procedures (protocol 08-085). Animal experimentation was carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
CYP-Induced Cystitis in Female Rats
Rats were anesthetized with isoflurane (2%) and received intraperitoneal (ip) injection(s) of CYP (Sigma-Aldrich, St. Louis, MO) to produce urinary bladder inflammation. To induce chronic bladder inflammation, CYP was injected (75 mg/kg ip) every third day for 8 days, with euthanasia occurring on the eighth day (3, 17, 39) . To induce acute bladder inflammation, CYP was injected (150 mg/kg ip), with euthanasia occurring 4 or 48 h after injection (3, 17, 39) . Control rats received no treatment. For conscious cystometry studies, rats received CYP as described, with bladder function testing occurring 48 h after injection.
Western Blotting for pAKT Expression in Whole Urinary Bladder From Control and CYP-Treated Rats
The whole urinary bladder was dissected from control and CYPtreated groups (n ϭ 16; 4/group) and homogenized separately in tissue protein extraction agent (T-PER; Roche, Indianapolis, IN), a mild zwitterionic dialyzable detergent in 25 mM bicine, 150 mM sodium chloride (pH 7.6) supplemented with a protease inhibitor mix (16 g/ml benzamidine, 2 g/ml leupeptin, 50 g/ml lima bean trypsin inhibitor, and 2 g/ml pepstatin A, Sigma-Aldrich) and a phosphatase inhibitor cocktail (1:100; Sigma-Aldrich), and aliquots were removed for protein assay. Samples (25 g) were suspended in sample buffer for fractionation on gels and subjected to SDS-PAGE. Proteins were transferred to nitrocellulose membranes, and the efficiency of transfer was evaluated. Membranes were blocked for 1 h in a solution of 5% milk in Tris-buffered saline with 0.1% Tween for 4 h at room temperature. Membranes were incubated in anti-pAKT (1:1,000; 736Ell, Cell Signaling Technology, Danvers, MA) in 5% bovine serum albumin in Tris-buffered saline with 0.1% Tween. Washed membranes were incubated in a species-specific secondary antibody (1:2,000; goat anti-rabbit horseradish peroxidase) in 5% milk in Tris-buffered saline with 0.1% Tween for 2 h at room temperature for enhanced chemiluminescence detection (Pierce, Rockford, IL). Blots were exposed to Biomax film (Kodak, Rochester, NY) and developed. The intensity of each band was analyzed, and background intensities were subtracted using Un-Scan It software (Silk Scientific, Orem, UT). Western blot analysis of AKT (1:1,000; Cell Signaling Technology) in samples was used as a loading control.
Immunohistochemical Localization of AKT and pAKT in Cryostat Sections of Urinary Bladder From Control and CYP-Treated Rats
The bladders were rapidly dissected from control and CYP-treated rats (n ϭ 16; 4/group), placed in 4% paraformaldehyde followed by overnight incubation in 30% sucrose in 0.1 M PBS for cryoprotection. Tissue was frozen in optimal cutting temperature compound, sectioned (20 m) on a freezing cryostat, and mounted directly onto gelled (0.5%) microscope slides (3, 14, 17) . Sections were incubated overnight at room temperature in rabbit anti-pAKT (1:500; D9, Cell Signaling Technology) or rabbit anti-AKT (1:1,000, Cell Signaling Technology) diluted in 1% goat serum and 0.1 M phosphate buffer. After overnight incubation, sections were washed (3 ϫ 10 min) with 0.1 M PBS (pH 7.4). Sections were then incubated with goat antirabbit Cy3-conjugated secondary antibody (1:500; Jackson Immuno Research Laboratories, West Grove, PA) for 2 h at room temperature followed by washes (3 ϫ 10 min) with PBS and coverslipping with antifade medium (Citifluor, Fisher Scientific, Pittsburgh, PA). Immunohistochemical controls included incubation of tissue sections with 1% goat serum and 0.1 M phosphate buffer alone (no primary antibody) or rabbit isotype control (1:500 and 1:1,000; Cell Signaling Technology), followed by normal washing and incubation with secondary antibodies to evaluate background staining levels. In the absence of primary antibody or in the presence of the isotype control, no positive immunostaining that was above background levels was observed.
To determine the cellular identity of pAKT-immunoreactive inflammatory cell infiltrates, some bladder sections were also immunostained with markers of macrophages including CD68 (ED1 rat homolog; 1:750, AbD Serotec, Raleigh, NC), MAC-2 (1:200, Cedarlane Laboratories), or F4/80 (1:200, AbD Serotec). Urinary bladder sections were incubated in cocktails of primary antibodies against pAKT and a macrophage marker followed by incubation in speciesspecific secondary antibodies (1:200; Cy2-conjugated antibody for macrophage markers; Jackson ImmunoResearch Laboratories) and processed as described above.
Visualization and Semiquantitative Analyses of pAKT in Urothelium and Detrusor Smooth Muscle
pAKT immunoreactivity (pAKT-IR) in bladder sections was visualized, and images were captured using an Olympus fluorescence photomicroscope (Optical Analysis, Nashua, NH). The filter was set to an excitation range of 560 -569 nm and an emission range of 610 -655 nm for visualization of Cy3. Images were captured, acquired in tagged image file format, and imported into image-analysis software (Meta Morph, version 4.5r4; University Imaging, Downingtown, PA) (3, 14, 17) . The free-hand drawing tool was used to select the urothelium, and the urothelium was measured in total pixels area (3, 14, 17) . To evaluate staining in the detrusor smooth muscle, with care taken to avoid nondetrusor structures (e.g., blood vessels, inflammatory cells), a rectangle of fixed dimension (125 ϫ 125 pixels) was placed on the section according to random x and y coordinates. This process was repeated five times for each image without overlap (14, 38) . A threshold encompassing an intensity range of 100 -250 grayscale values was applied to the region of interest in the least brightly stained condition first. The threshold was adjusted for each experimental series using concomitantly processed negative controls as a guide for setting background fluorescence. The same threshold was subsequently used for all images. Immunoreactivity was considered to be positive only when the staining for pAKT exceeded the established threshold. Percent pAKT-IR above threshold in the total area selected was calculated. For the detrusor smooth muscle, the percent pAKT-IR above threshold was calculated by averaging the data collected from all rectangles placed on the image (14, 38) .
Assessment of Immunohistochemical Staining in Urinary Bladder Regions
Immunohistochemistry and subsequent evaluation of AKT-or pAKT-IR in bladder sections or whole mount preparations were performed in control and experimental tissues simultaneously to reduce the incidence of staining variation that can occur between tissues processed on different days. Staining in experimental tissue was compared with that in experiment-matched negative controls. Urinary bladder sections or whole mounts exhibiting immunoreactivity that was greater than background level in experiment-matched negative controls were considered positively stained.
Immunohistochemical Localization of pAKT in Suburothelial Nerve Plexus in Urinary Bladder Whole Mounts
The urinary bladder was dissected rapidly and placed into oxygenated (95% O 2 and 5% CO2) physiological saline solution (119.0 mmol NaCl, 4.7 mmol KCl, 24.0 mmol NaHCO3, 1.2 mmol KH2PO4, 1.2 mmol MgSO4-7 H2O, 11.0 mmol glucose) (14, 39, 73) . Starting at the urethra, a midline incision was made through the bladder, then it was pinned flat onto a silicon-coated plate (Sylgard, Dow Corning, Midland, MI), maximally stretched, and then fixed in 2% paraformaldehydeϩ0.2% picric acid for 1.5 h. After fixation, the urothelium was separated from the detrusor layer using fine-tip forceps, iris scissors, and a dissecting microscope as previously described (14, 39, 73) . Notches were made in the region of the bladder neck to track orientation and assess regional immunoreactivity of the bladder. Urothelium and bladder musculature were processed for pAKT-IR as described previously. In some whole mounts processed for pAKT-IR, nerve fibers in the suburothelial nerve plexus were also stained with the pan-neuronal marker protein gene product (PGP9.5, 1:3,000; AbD Serotec) to determine potential expression of pAKT in suburothelial nerve fibers and visualized with Cy2-conjugated species-specific secondary antibodies (1:200; Jackson ImmunoResearch Laboratories).
Visualization of pAKT-IR in Suburothelial Plexus in Bladder Whole Mounts
Whole mount tissues from control and experimental groups (n ϭ 4 for control and CYP treatment groups) were examined using an Olympus fluorescence photomicroscope (Optical Analysis) with a multiband filter set for simultaneous visualization of the Cy3 and Cy2 fluorophores. Cy2 was viewed using a filter with an excitation range of 447-501 nm and an emission range from 510 to 540 nm.
Intravesical Catheter Implant
A lower midline abdominal incision was performed under general anesthesia with 2-3% isoflurane using aseptic surgical techniques (3, 13, 34, 38) . The end of polyethylene tubing (PE-50, Clay Adams, Parsippany, NJ) was flared with heat, inserted into the dome of the bladder, and secured in place with a 6-0 nylon purse-string suture (3, 13, 34, 38) . The distal end of the tubing was sealed and tunneled subcutaneously to the back of the neck where it was externalized, out of the animal's reach (3, 13, 34, 38) . Rats received buprenorphine (0.05 mg/kg sc) starting at the time of surgery and then every 8 -12 h postoperatively for a total of four doses. Animals were maintained for 96 h after surgery before conscious cystometry was initiated to ensure complete recovery and clearance of postoperative analgesics.
Conscious Cystometry with Continuous Intravesical Infusion of Saline and Blockade of AKT Phosphorylation
The effects of pAKT on bladder function in control (no inflammation) and CYP-treated rats (48 h) were evaluated with an upstream inhibitor of AKT phosphorylation, deguelin (1.0 g/10 l; EMD4Biosciences, EMD Chemicals) using conscious cystometry with continuous intravesical infusion of saline. During cystometry, unrestrained and conscious rats were placed in a recording cage over a scale and pan to collect and measure voided urine. To elicit repetitive bladder contractions, room temperature saline was infused at a constant rate (10 ml/h). At least six reproducible micturition cycles were recorded after an initial stabilization period (15-30 min) . Intravesical pressure changes were recorded using a Small Animal Cystometry System (Med Associates, St. Albans, VT) (3, 13, 17, 38) . Filling pressure, pressure threshold for voiding, maximal voiding pressure, and intercontraction interval were evaluated. Nonvoiding bladder contractions, defined as rhythmic intravesical pressure increases 7 cmH 2O above baseline without the release of fluid from the urethra, were also determined per voiding cycle. Bladder capacity was measured as the amount of saline infused into the bladder at the time when micturition commenced (10, 32) .
To evaluate the effects of pAKT on bladder function, rats were anesthetized (1-2% isoflurane) and vehicle [1% DMSO (SigmaAldrich) in saline] or deguelin (1.0 g/10 l; EMD4Biosciences, EMD Chemicals), the upstream inhibitor of AKT phosphorylation, was intravesically infused for 30 min. The concentration selected for evaluation was based upon previous studies (71) . Before intravesical drug infusion, the bladder was manually emptied using the Credé maneuver. Bladders were then infused with ϳ1 ml (less than bladder capacity to not elicit a bladder contraction and expulsion of instillate) of vehicle (1% DMSO in saline; Sigma-Aldrich), or deguelin (1.0 g/10 l; EMD4Biosciences, EMD Chemicals) according to prior published studies (3, 13, 38) . Rats remained anesthetized (1-2% isoflurane) during infusion (30 min) to subdue the micturition reflex and prevent expulsion of the drug from the bladder. To avoid potential variation resulting from circadian rhythms, experiments were conducted at similar times of the day (21) . At the conclusion of the study, rats were euthanized as described above. Micturition function before and after vehicle or deguelin intravesical instillation was evaluated in the same rats (control and 48 h CYP-induced cystitis).
Effects of Intravesical Infusion of Deguelin or Vehicle on AKT Phosphorylation in Urinary Bladder
To examine the effects of intravesical instillation of deguelin or vehicle on AKT phosphorylation in the urinary bladder, the bladder was infused with ϳ1 ml (less than bladder capacity to not elicit a bladder contraction and expulsion of instillate) of vehicle (1% DMSO in saline; n ϭ 4), or deguelin (1.0 g/10 l, n ϭ 4; EMD4Biosciences, EMD Chemicals). Rats remained (30 min) anesthetized (1-2% isoflurane) to subdue the micturition reflex and prevent expulsion of the drug from the urinary bladder. After 30 min, rats were euthanized as described above, and the urinary bladder was harvested for immunohistochemical detection and quantitation of pAKT levels in the urothelium or detrusor smooth muscle using methodology previously described.
Exclusion Criteria
Rats were removed from the study when adverse events occurred that included a Ն20% reduction in body weight postsurgery, a significant postoperative event, lethargy, pain, or distress not relieved by our IACUC-approved regimen of postoperative analgesics or hematuria in control rodents (3, 13, 38) . In the present study, no rats were excluded from the study or from analysis due to any of these exclusion criteria. In addition, behavioral movements such as grooming, standing, walking, and defecation rendered bladder pressure recordings unusable during these events.
Materials
Deguelin was prepared as a stock solution in DMSO, aliquoted, and stored at Ϫ20°C until use. Aliquots were diluted with saline to achieve final concentration.
Figure Preparation
Digital images were obtained using a charge-coupled device camera (MagnaFire SP, Optronics; Optical Analysis) and an LG-3 frame grabber attached to an Olympus fluorescence photomicroscope (Optical Analysis). Exposure times were held constant when images were acquired from control and experimental animals processed and analyzed on the same day. Images were imported into a graphics editing program (Adobe Photoshop, version 8.0, Adobe Systems, San Jose, CA) where groups of images were assembled and labeled.
Statistical Analyses
All values represent means Ϯ SE. Data from Western blot studies were compared with ANOVA. Percent data from image analysis were arcsin transformed to meet the requirements of this statistical test. Cystometry data were compared using repeated measures ANOVA, where each animal served as its own control. Animals, processed and analyzed on the same day, were tested as a block in the ANOVA. When F-ratios exceeded the critical value (P Յ 0.05), the NewmanKeuls or Dunnett's post hoc tests were used to compare group means.
RESULTS
pAKT Protein Levels in Whole Rat Urinary Bladder and Effects of CYP-Induced Cystitis
pAKT protein levels increased significantly (P Յ 0.01) following 4-h (5.7-fold), 48-h (3.4-fold), and chronic (2.9-fold) CYP-treatment as determined with Western blot analyses (Fig. 1) . Four-hour CYP treatment induced the greatest increase in phosphorylation of AKT that was significantly (P Յ 0.01) greater than pAKT levels after 48-h (1.7-fold) and chronic (2.0-fold) CYP treatment (Fig. 1) .
AKT-and pAKT-IR in Urothelium and Detrusor in Control (No CYP Treatment) and CYP-Treated Rats
Urothelium. In control (no CYP treatment) rats, the urothelium exhibited weak AKT-IR (data not shown). No change in AKT-IR was observed in the urothelium after CYP treatment (4 h, 48 h, or chronic; data not shown), consistent with the demonstration of no change in AKT expression from the whole urinary bladder using Western blotting techniques (Fig. 1A) . Patchy, low-intensity pAKT-IR was present in the urothelium of control (no CYP treatment) rat bladders (Fig. 2, A and B) . CYP treatment increased urothelial pAKT-IR significantly (P Յ 0.01) at the 48-h (2.3-fold) time point, but not 4 h or chronic time points examined (Figs. 2, A-H, and 3A) . pAKT-IR at the 48-h time point was also significantly (P Յ 0.01) greater than 4-h (1.5-fold) and chronic (3.6-fold) CYP treatment (Figs. 2, C-H, and 3A) . Although 4-h CYP-treatment did not significantly increase pAKT-IR vs. control, pAKT levels did increase significantly (P Յ 0.01) compared with chronic (2.3-fold) CYP treatment (Figs. 2, C, D, G, and H, and  3A) . Double-labeling experiments demonstrated that the pAKT-IR suburothelial inflammatory cells present in chronic CYP-treated bladders (Fig. 2H ) also exhibited immunoreactivity for markers of macrophages including CD68 (ED1 rat homolog), MAC-2, or F4/80 (data not shown).
Detrusor. In control (no CYP treatment) rats, the detrusor smooth muscle exhibited weak AKT-IR (data not shown). No change in AKT-IR was observed in the detrusor after CYP treatment (4 h, 48 h or chronic) (data not shown) consistent with the demonstration of no change in AKT expression from the whole urinary bladder using Western blotting techniques (Fig. 1A) . The expression of pAKT-IR was very weak to absent in the detrusor smooth muscle of control rat bladders (Fig. 2I) . Forty-eight-hour CYP treatment significantly (P Յ 0.05; 2.5-fold) increased detrusor pAKT-IR (Figs. 2L and 3B ). There was no difference in pAKT levels in detrusor smooth muscle among control (Fig. 2I) , 4-h (Fig. 2, J and K) , or chronic (Fig.  2M ) CYP treatment groups (Fig. 3B) .
Bladder whole mount preparations. pAKT-IR was not observed in the suburothelial nerve plexus in control or CYPtreated whole mount bladder preparations. The suburothelial nerve plexus did exhibit PGP9.5-IR; however, colocalization with pAKT-IR was not observed with indirect immunofluorescence techniques (data not shown). Whole mount preparations exhibited pAKT staining in the urothelial and detrusor smooth muscle in control and CYP treatment groups, consistent with staining observed in cryostat bladder sections from the same groups described above (data not shown).
Effects of Intravesical Deguelin Instillation on AKT Phosphorylation in Urinary Bladder with CYP Treatment
Intravesical instillation (30 min) of deguelin (1.0 g/10 l), an upstream inhibitor of AKT phosphorylation, significantly (P Յ 0.05) decreased (3.1-fold) urothelial pAKT-IR in rats with 48-h CYP treatment compared with rats with instillation of vehicle (1% DMSO in saline) (Fig. 4, A-C) . In contrast, no changes in pAKT-IR were observed in the detrusor smooth muscle of CYP-treated rats after deguelin instillation compared with rats with vehicle treatment (48 h; data not shown).
Effect of Blockade of AKT Phosphorylation on Bladder Function
Conscious, open outlet cystometry with continuous intravesical infusion of saline was performed in control and CYPtreated (48 h) rats to establish baseline voiding frequency, bladder capacity, and void volume (Figs. 5A and 6A ). After (25 g ) from control rats and those treated with cyclophosphamide (CYP) for varying duration. Total AKT expression was used as a loading control. B: summary histogram of relative pAKT band density in each group normalized to total AKT expression expressed as a percentage (%) of control in the same samples. Four-hour, 48-h, and chronic CYP-treatment significantly (P Յ 0.01) increased pAKT expression compared with control urinary bladder. pAKT expression was significantly increased following 4-h CYP treatment compared with 48-h and chronic CYP treatment. Statistical analyses were performed on raw data using ANOVA as described in Statistical Analyses. Values are means Ϯ SE. **P Յ 0.01; n ϭ 4 for each time point and control. baseline bladder function was established, deguelin (1.0 g/10 l) or 1% DMSO in saline (vehicle) was intravesically instilled for 30 min with rats anesthetized (2% isoflurane). The same rats were subsequently evaluated with conscious cystometry an additional time to determine the effects of blocking AKT phosphorylation with deguelin or vehicle in control or CYPtreated rats.
Control (no CYP treatment). Treatment with deguelin (1.0 g/10 l) had no effects on intercontraction interval, bladder capacity, or void volume compared with baseline recordings (no treatment) in the same rats (control, no CYP treatment) (Fig. 5B ). There were no changes in filling, threshold, or peak micturition pressures following intravesical instillation of deguelin or vehicle (Table 1) in control (no CYP treatment) rats. Residual volume in control rats before or after deguelin treatment was minimal (Յ10 l).
CYP treatment. The 48-h time point of CYP-induced cystitis was evaluated because Western blot and immunohistochemical techniques both demonstrated significant increases in pAKT levels in the urinary bladder with this duration of CYP treatment.
As previously demonstrated (3, 13, 34, 38) , and confirmed here, CYP treatment (48 h) increased void frequency and decreased bladder capacity, intercontraction interval, and void volume compared with control rats (no CYP treatment) (Figs.  5A and 6A) . Additionally, CYP treatment significantly (P Յ 0.05) increased filling, threshold, and micturition pressures (Table 1 ). Deguelin treatment (1.0 g/10 l) (Figs. 6B and 7) significantly (P Յ 0.05) increased the intercontraction interval (i.e., decreased voiding frequency) ( Fig. 7A; 2 .0-fold), increased bladder capacity ( Fig. 7B; 2 .0-fold), and increased void volume ( Fig. 7C; 2. 2-fold) compared with baseline recordings (no treatment). Deguelin treatment increased bladder capacity to 70% of control rats (no CYP treatment) (Figs. 5A, 6B, and 7). Effects of deguelin on bladder function in CYP-treated rats persisted for at least 2 h, and recovery to baseline recordings (no treatment) was not observed during the time course of the current studies. Residual volume in CYP (48 h)-treated rats before or after deguelin treatment was minimal and similar to that observed in control (no CYP treatment) (Յ10 l).
DISCUSSION
These studies demonstrate basal activation (phosphorylation) of AKT in the urinary bladder, inflammation-enhanced phosphorylation of AKT with a CYP model of cystitis, and a functional role for AKT signaling in female rat micturition pathways in the context of urinary bladder inflammation. Studies have previously demonstrated changes in AKT activation levels in primary sensory neurons, dorsal horn neurons, and the urinary bladder (16, 53, 59, 60, 71) following tissue inflammation. The present studies extend previous findings (16) by demonstrating a functional significance for AKT signaling in bladder reflex pathways. pAKT may be a functional Fig. 2 . pAKT expression in the urothelium and detrusor smooth muscle of control rats and those treated with CYP. A, C, E, and G: the urothelium was outlined in green and measured in total pixels per area. To define positive staining, a threshold intensity value was determined using the darkest image and the same threshold was subsequently applied to all images. All pixels above threshold are depicted in yellow. mediator of inflammation-induced bladder dysfunction because pAKT 1) is present at low levels in the urothelium of control urinary bladders; 2) increases in the urinary bladder (urothelium and detrusor smooth muscle) after CYP treatment of varying duration; 3) is present in suburothelial inflammatory cells with chronic CYP treatment; and 4) blockade of AKT activation with deguelin increases (2.0-fold) bladder capacity in rats with CYP-induced cystitis. Therefore, the AKT signaling pathway may represent a novel target for pharmaceutical intervention and improving bladder function in the context of urinary bladder inflammation.
pAKT is classically known as a putative cellular survival signal (18) . More recently, studies have demonstrated novel roles for AKT signaling in altered sensory/pain processing. For example, basal AKT phosphorylation is present in rodent lumbosacral dorsal root ganglia (DRG) (58, 59 ) and superficial laminae of the spinal cord (26, 60) and significantly increases following peripheral nerve injury or inflammation (26, 58, 59, 60, 71) . Additionally, colocalization of pAKT with markers of unmyelinated, pain-transducing C-fibers such as IB4, TrkA, calcitonin gene-related peptide (CGRP), and transient potential vanilloid-1 channel (TRPV1) (58, 59, 71, 74) has been demonstrated. Specific inhibitors of AKT signaling including deguelin, AKT Inhibitor IV, SH-6, or NL-71-101 can attenuate mechanical hyperalgesia resulting from intradermal hindpaw capsaicin injection (59, 60) or sciatic nerve ligation (71), suggesting a nociceptive role for AKT signaling in peripheral inflammation or injury. In addition to playing a role in mediating somatic pain processes, phosphoinositide 3-kinase (PI3-K)/AKT signaling may also mediate visceral inflammation. For example, basal AKT phosphorylation in the superficial dorsal horn of lumbosacral spinal cord increases significantly following trinitrobenzenesulfonic acid-induced colitis (53) . This demonstrated regulation of AKT activation (53) together with previous demonstrations of AKT phosphorylation in the urinary bladder of the mouse (65) and rat (16) pared with the present studies. In the present study, CYPinduced cystitis resulted in peak AKT activation in the urinary bladder following 4-h CYP treatment. Forty-eight-hour and chronic CYP-induced cystitis also resulted in significant increases in AKT activation in the urinary bladder but were significantly less than that observed with 4-h CYP treatment. In contrast, Chung et al. demonstrated significant AKT activation in the bladder following 8-h CYP treatment that was reduced to basal expression by at least 48 h following CYP administration. Differences in the time course of AKT activation may reflect different antibodies used for pAKT detection as well as differences in gender and strain of rats used. The results of our study suggest an involvement of pAKT in both acute and chronic bladder inflammation.
The present studies demonstrate regulation of pAKT in urinary bladder following inflammation as well as a functional role of AKT signaling in altered micturition reflexes induced by CYP treatment. Intravesical instillation of deguelin, an upstream inhibitor of AKT phosphorylation, decreased voiding frequency and increased bladder capacity and void volume following CYP-induced bladder hyperreflexia. Previous studies have demonstrated increased somatic sensitivity in rodents treated with CYP (13, 27, 28) , but effects of deguelin on somatic (i.e., hindpaw, pelvic) sensitivity were not determined in the present study. The laparotomy performed to access the urinary bladder for cannulation and drug infusion is a potential confounding factor. Studies addressing effects of deguelin on somatic sensitivity induced by CYP treatment should be pursued in rats with intravesical instillation of deguelin using a transurethral route.
Although the focus of the current studies was on the expression and regulation of pAKT in the urinary bladder, other components of the micturition reflex pathways may also contribute to AKT signaling in the context of urinary bladder inflammation. Numerous studies have demonstrated activation of AKT in DRG and spinal cord neurons following peripheral nerve injury or inflammation (26, 58, 59, 60, 71) . In the present study, neither AKT nor pAKT was observed in the suburothelial nerve plexus of control or CYP-treated bladder whole mounts. However, CYP-induced cystitis in female rats increases AKT activation in lumbosacral DRG cell bodies and spinal cord (Vizzard et al., unpublished observations), and basal AKT is present in these same tissues in control (no inflammation) rats. Lack of detection of AKT or pAKT in the suburothelial nerve plexus may be due to low-level expression of the proteins in the peripheral (i.e., target) innervation or lack of transport distally. Intrathecal delivery of inhibitors of AKT phoshorylation in combination with cystometric and somatic sensitivity studies are needed to determine a functional significance to AKT activation in these elements (e.g., DRG, spinal cord) of the micturition reflex.
Bladder pain syndrome (BPS)/interstitial cystitis (IC) is viewed as one type of chronic pain syndrome characterized by pain, pressure, or discomfort perceived to be bladder related with at least one urinary symptom such as urinary frequency (29, 30) . The CYP rat model is one way to examine the contribution of inflammatory and immune mediators and signaling pathways to urinary bladder dysfunction and referred somatic sensitivity exhibited in the human syndrome. The CYP model permits a controlled analysis of some aspects of this chronic pain syndrome as a means of identifying therapeutic targets and early drug development that are not feasible to address in humans. Although the etiology and pathogenesis of IC/BPS are unknown, numerous theories, including infection, autoimmune disorder, toxic urinary components, deficiency in bladder wall lining, and neurogenic causes have been proposed (22, 35, 36, 49, 50, 56) . We hypothesized that pain associated with BPS/IC involves alteration of visceral sensation/bladder sensory physiology. Altered visceral sensations from the bladder (i.e., pain at low or moderate bladder filling) that accompany BPS/IC may be mediated by many factors including changes in the properties of peripheral bladder afferent pathways such that bladder afferent neurons respond in an exaggerated manner to normally innocuous stimuli (allodynia). These changes may be mediated, in part, by inflammatory changes in the urinary bladder. Potential mediators of bladder inflammation are numerous and include cytokines (23, 40, 43) , neuropeptides (11, 69) , neuroactive compounds (9), chemokines (3, 55, 67, 73) and growth factors (70, 72, 75) and signaling molecules such as pERK1/2 (16, 17) , pJNK (16, Vizzard et al., unpublished observations), and pAKT (4, 16) .
Numerous growth factors including platelet-derived growth factor, epidermal growth factor, insulin, thrombin, NGF, and BDNF (6, 25, 68) are potential upstream activators of AKT. NGF is a bladder inflammatory mediator of particular interest Values are means Ϯ SE; n ϭ 4/group. Filling, threshold, and peak micturition pressures (cmH2O) during conscious cystometry for control and cylclophosphamide (CYP)-treated (48 h) rats before and after intravesical vehicle (1% DMSO in saline) or deguelin (1.0 g/10 l) treatment are shown. *P Յ 0.05 vs. control and 48-h CYP treatment groups. because NGF protein levels are increased in the urine and urothelium of patients with BPS/IC (42, 48) , and NGF is an important mediator of both somatic and visceral inflammation (1, 15, 24, 44, 45, 51) . NGF interactions with the high-affinity receptor TrkA are known to activate the PI3-K/AKT, ERK1/2, and JNK signaling pathways. Chung et al. (16) demonstrate that AKT and ERK1/2 phosphorylation in the urinary bladder with CYP-induced bladder inflammation is dependent on the presence of NGF, suggesting that NGF constitutes a major upstream activator of AKT phosphorylation in bladder inflammation; however, the involvement of NGF/TrkA and/or NGF/ p75 NTR interactions was not identified. Numerous rodent studies demonstrate the physiological relevance of NGF signaling in the urinary bladder (15, 20, 34, 41, 57, 72, 75) . Previous (17) and present studies now demonstrate that blockade of potential downstream NGF signaling targets, ERK1/2, or AKT activation, reduces urinary bladder hyperreflexia following CYPinduced cystitis. Whether cross talk exists between these two pathways in the context of urinary bladder inflammation (16) or whether further improvement in bladder function can be achieved by blocking both AKT and ERK1/2 activation remains to be determined.
In the absence of CYP-induced bladder inflammation, intravesical instillation of deguelin was without effect on bladder function. Thus AKT signaling may not play a major role in bladder function in the absence of inflammation. However, in this study only a single concentration of deguelin was evaluated so potential effects with higher concentrations are not known. The concentration of deguelin used in this study was identical to that used to reduce pain behavior after peripheral nerve injury (71) although the route of administration was different (intravesical vs. intrathecal). Additionally, Sun et al. (59) and Xu et al. (71) suggest that PI3-K/AKT signaling does not influence basal thermal or mechanical sensitivity before peripheral inflammatory or mechanical insult. These observations are consistent with the present studies where effects of blockade of AKT phosphorylation were only observed on bladder function in the context of urinary bladder inflammation. The mechanisms by which deguelin exerts its effects in other systems include downregulation of cyclooxygenase-2 (COX-2) expression, effects on NF-B, as well as effects on AKT signaling pathways (19) . Future studies should address the underlying mechanisms of deguelin action on bladder function following CYP-induced cystitis as both COX-2 (33) and NF-B (37) have demonstrated roles in the inflamed urinary bladder.
Considering the robust urothelial activation of AKT in the inflamed bladder, AKT signaling may contribute to functional bladder sensory physiology via urothelium-mediated mechanisms. The urothelium, once thought to provide an impermeable barrier only, is now suggested to have "neuron-like" properties such as plasticity and sensory, transducive, and signaling capabilities, especially in the context of bladder inflammation (2, 5, 7, 8, (61) (62) (63) (64) . Urothelial cells share a number of similarities with sensory neurons, including the expression of receptors such as purinergic, norepinephrine, acetylcholine, neuropeptide-and protease-activated receptors, acid-sensing ion channels, neurotrophin receptors, and transient receptor potential channels (2, 5, 7, 8, (61) (62) (63) (64) . Because of functional receptor expression and secretion capabilities, urothelial-mediated communication with the detrusor smooth muscle, suburothelial plexus, and/or interstitial cells has been suggested (2, 7) . Therefore, inflammatory signaling cascades may activate AKT signaling in the urothelium and thus facilitate the release of urothelial-derived mediators such as ATP, nitric oxide (NO), or chemokines that may then influence the suburothelial nerve plexus to affect micturition function via urothelium-to-nerve communication (2, 3, 5, 7, 8) . Consistent with this hypothesis, AKT phosphorylation in the urothelium of inflamed bladders was significantly decreased with intravesical deguelin administration and further suggests the involvement of the urothelium in AKT signaling in urinary bladder dysfunction induced by CYP. Alone, or in combination with urothelium-mediated mechanisms, AKT phosphorylation in the detrusor smooth muscle as well as urothelium-mesenchyme interactions may contribute to CYP-induced bladder hyperreflexia. An alternative role for the phosphorylation of AKT in detrusor smooth muscle following cystitis may involve NGFinduced increases in type I collagen and resultant bladder hypertrophy via activation of AKT (16) . Future studies may address NGF-induced release of ATP or NO via AKT signaling using cultured rat urothelial cells and pharmacological blockade of AKT phosphorylation.
Conclusions
These studies demonstrate increased activation of AKT in the rat urinary bladder after CYP-induced cystitis. Importantly, a functional role for the phosphorylation of AKT in bladder function in the context of urinary bladder inflammation induced by CYP has also been demonstrated. Blockade of AKT activation in the urothelium may be a potential target for a pharmacological intervention aimed at improving bladder dysfunction resulting from bladder inflammation.
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